Using 1 H-and 13 C-NMR spectroscopies, cationic intermediates formed by activation of L 2 ZrCl 2 with methylaluminoxane (MAO) in toluene were monitored at Al/Zr ratios from 50 to 1000 (L 2 are various cyclopentadienyl (Cp), indenyl (Ind) and fluorenyl (Flu) ligands). The following catalysts were studied: (Cp-R) 2 ZrCl 2 (R0/Me, 1,2-Me 2 , 1,2,3-Me 3 , 1,2,4-Me 3 , Me 4 , Me 5 , n -Bu, t -Bu), racethanediyl(Ind) 2 ZrCl 2 , rac-Me 2 Si(Ind) 2 ZrCl 2 , rac-Me 2 Si(1-Ind-2-Me) 2 ZrCl 2 , rac-ethanediyl(1-Ind-4,5,6,7-H 4 ) 2 ZrCl 2 , (Ind-2-Me) 2 ZrCl 2 , Me 2 C(Cp)(Flu)ZrCl 2 , Me 2 C(Cp-3-Me)(Flu)ZrCl 2 and Me 2 Si(Flu) 2 ZrCl 2 . Correlations between spectroscopic and ethene polymerization data for catalysts (Cp-R) 2 ZrCl 2 /MAO (R 0/H, Me, 1,2-Me 2 , 1,2,3-Me 3 , 1,2,4-Me 3 , Me 4 , Me 5 , n -Bu, t -Bu) and rac-Me 2 Si(Ind) 2 ZrCl 2 were established. The catalysts (Cp-R) 2 ZrCl 2 /AlMe 3 /CPh 3 ' B(C 6 F 5 ) 4 ( (R0/Me, 1,2-Me 2 , 1,2,3-Me 3 , 1,2,4-Me 3 , Me 4 , n -Bu, t -Bu) were also studied for comparison of spectroscopic and polymerization data with MAO-based systems. 
Introduction
Spectroscopic monitoring of the cationic intermediates formed upon activation of metallocenes with methylaluminoxane (MAO) and correlation of their concentration with polymerization activity is crucial for the elucidation of the reaction mechanisms [1 Á/5] . Recent NMR studies [6, 7] have provided important information on the structures of 'cation-like' intermediates formed upon activation of Cp 2 (IV) were the precursors of the active centers of polymerization. Recently, a scheme of the formation of active centers upon interaction of complex III with olefins has been proposed on the basis of quantumchemical DFT calculations [8] .
It is well-known that the substituents in the ligands of a zirconocene complex affect its polymerization activity [9 Á/14] . However, there are no NMR data on the intermediates formed in the catalytic systems L 2 ZrCl 2 / MAO, where L 2 are various substituted cyclopentadienyl, indenyl or fluorenyl ligands. Such data are available only for CPh 3 ' B(C 6 F 5 ) 4 ( -based systems [15, 16] . So, it is important to characterize the zirconium species formed by various zirconocenes activation with MAO and to elucidate the effect of substituents and Al/Zr ratio on the concentration of species III and IV, and polymerization activity.
In this work, we have undertaken a 1 H-and 13 C-NMR spectroscopic study of the cationic intermediates formed upon activation of L 2 ZrCl 2 with MAO at various Al/Zr ratios. The following catalysts were studied: (Cp-R) 2 ZrCl 2 (R 0/Me, 1,2-Me 2 , 1,2,3-Me 3 , 1,2,4-Me 3 , Me 4 , Me 5 , n-Bu, t -Bu), rac-ethanediyl (Ind) 2 ZrCl 2 , rac-Me 2 Si(Ind) 2 ZrCl 2 , rac-Me 2 Si(1-Ind-2-Me) 2 ZrCl 2 , rac-ethanediyl(1-Ind-4,5,6,7-H 4 ) 2 ZrCl 2 , (Ind-2-Me) 2 ZrCl 2 , Me 2 C(Cp)(Flu)ZrCl 2 , Me 2 C(Cp-3-Me)(Flu)ZrCl 2 and Me 2 Si(Flu) 2 ZrCl 2 . Correlations between spectroscopic and ethene polymerization data for catalysts (Cp-R) 2 ZrCl 2 /MAO (R 0/H, Me, 1,2-Me 2 , 1,2,3-Me 3 , 1,2,4-Me 3 , Me 4 , Me 5 , n -Bu, t -Bu) and racMe 2 Si(Ind) 2 ZrCl 2 /MAO were observed. The catalysts (Cp-R) 2 ZrCl 2 /AlMe 3 /CPh 3 ' B(C 6 F 5 ) 4 ( (R 0/Me, 1,2-Me 2 , 1,2,3-Me 3 , 1,2,4-Me 3 , Me 4 , n -Bu, t -Bu) were also studied for comparison of spectroscopic and polymerization data with MAO-based systems.
Experimental

Materials
Toluene and toluene-d 8 (CD 3 C 6 D 5 ) were dried over molecular sieves (4 Å ), purified by refluxing over sodium metal and distillation in dry argon. The distilled solvents were degassed in vacuo and then stored and handled in vacuo. All experiments were carried out in sealed highvacuum systems using break seal techniques to avoid undesired contact with the atmosphere. L 2 ZrCl 2 and (Cp-n -Bu) 2 ZrMe 2 samples purchased from Boulder Scientific Co. were used without further purification as solutions in toluene-d 8 3 ' B(C 6 F 5 ) 4 ( were combined under vacuum in NMR tubes (5 and 10 mm) and the tubes were sealed off from the vacuum line. The data on Al and Zr concentrations and Al/Zr ratios of the samples prepared are given.
NMR measurements
1 H spectra were recorded using pulsed FT-NMR technique on Bruker DPX-250 (at 250.13 MHz) and DPX-400 NMR (at 400.13 MHz) spectrometers in cylindrical 5 mm glass sample tubes.
13 C spectra were recorded at 100.614 MHz, using pulsed FT-NMR technique, on a Bruker MSL-400 NMR spectrometer in cylindrical 10 mm glass sample tubes. Operating conditions: sweep width, 25 kHz ( 13 C) and 5 kHz ( 1 H); spectrum accumulation frequency used, 0.2 Hz ( 1 H) and 0.2 Á/0.02 Hz ( 13 C); number of transients, 1000 Á/10 000 ( 13 C) and 100 Á/10 000 ( 1 H); 458 pulse at 10 ms ( 13 C) and 10 Á/208 pulse at 1 Á/2 ms ( 1 H). The data were accumulated with 16Á/32K data points in the time domain. Chemical shifts were measured in ppm, with positive values in the low-field direction. For calculations of 1 H and 13 C chemical shifts, the resonance of the CD 2 H group of the toluene solvent was taken as 2.09 ppm ( 1 H) and that of the CD 3 group as 22.1 ppm ( 13 C).
1 H-NMR spectra of L 2 ZrCl 2 and L 2 ZrClMe
For the assignment of the 1 H-NMR peaks of zirconium species formed in the (Cp-R) 2 ZrCl 2 /MAO systems, 1 H-NMR spectra of (Cp-R) 2 ZrCl 2 , (Cp-R) 2 ZrClMe and [(Cp-R) 2 Zr(m-Me) 2 The 1-l reactor was evacuated at 70 8C, cooled to 20 8C and charged with 150 ml of toluene solution containing calculated quantities of (Cp-R) 2 ZrCl 2 and MAO. The zirconocene concentration in the reactor was 1.5 )/10 (5 M. After the polymerization temperature had stabilized (70 8C), ethylene was introduced into the reactor (2 or 5 atm). During the polymerization time (15 min), ethylene pressure and temperature were maintained constant. The experimental unit was equipped with automatic computer-controlled system for ethylene feed, recording the ethylene consumption and providing the kinetic curve output both in the form of a table and as a graph. Catalysts initial activities (see Tables 2Á/5) were calculated from the ethylene consumption for the first 5 min of polymerization. 2 ZrCl 2 /AlMe 3 /CPh 3 ' B(C 6 F 5 ) 4 ( systems Polymerization runs were performed in a 0.2-l reactor. The reactor was evacuated at 70 8C and cooled to 20 8C. Toluene solutions containing calculated quantities of (Cp-R) 2 ZrCl 2 and AlMe 3 were mixed under vacuum with a toluene solution of CPh 3 ' B(C 6 F 5 ) 4 ( and immediately introduced into the reactor (total volume: 70 ml; zirconocene concentration in the reactor: 1.4 )/10 (5 M; components molar ratio of Zr:AlMe 3 :B0/1:100:1). Then, the polymerization temperature (50 8C) and ethylene pressure (3 atm) were adjusted and kept constant during the polymerization time (15 min). Catalysts' initial activities (see Table 8 ) were calculated from the ethylene consumption for the first 5 min of polymerization.
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Results and discussion
3.1. Spectroscopic and polymerization studies of the catalytic systems (Cp-R) 2 ZrCl 2 /MAO (R 0/Me, n-Bu, t -Bu)
In order to elucidate the effect of the structure of alkyl substituent on the concentration of species III and IV, and polymerization activity, the catalytic systems (Cp-R) 2 ZrCl 2 /MAO (Me, n-Bu, t -Bu) were studied at various Al/Zr ratios. We begin the analysis of experimental data with the system (Cp-n -Bu) 2 ZrCl 2 /MAO, since for this system the most detailed spectroscopic data were obtained.
The formation of complexes III, IV and other zirconium species present in the catalytic system studied at various Al/Zr ratios was monitored by recording the corresponding 1 H-NMR resonances of their Cp rings (Fig. 1 ). Table 2 ). The 1 H-NMR chemical shifts of the hydrogen atoms of the Cp rings of the latter complex (two pseudotriplets at Table 2 ). The 1 H-NMR spectrum in the range of Cp hydrogen atoms of the system (Cp-n -Bu) 2 In contrast to the (Cp-n-Bu) 2 ZrCl 2 /MAO system, only one broad resonance has been detected for the Cp rings of IV in the 1 H-and 13 C-NMR spectra of the Cp 2 ZrCl 2 /MAO system [7] . Thus, substitution of the Cp ligands allows the resonances of complexes IV with differing counteranions of the type [Me-MAO] ( to be observed separately. Recently, experimental evidences in favor of formation of [Me-MAO] ( anions with different Lewis basicities in Cp 2 ZrMe 2 /MAO system were presented [17] .
The sample with the same Al/Zr ratio as in Fig. 1a but with lower concentration of zirconocene ([(Cp-nBu) 2 ZrCl 2 ] 0/0.001 M) displays broad, poorly defined signals (Fig. 1b) . In the sample of Fig. 1b , the peak of complex III is relatively small. This demonstrates that dilution of such a reaction system may disfavor formation of III due to a decrease in the concentration of Al 2 Me 6 . The intense broad peak at 5.76 ppm (Fig. 2b) was tentatively assigned to Cp hydrogen atoms of the monomethylated complex (Cp-n -Bu) 2 ZrMeCl (see Table 1 ).
The observed picture is simplified when the Al/Zr ratio is increased. Complex III becomes the predomi- nant species at the higher Al/Zr ratios (Figs. 1d and e) . Two pseudotriplets are characteristics of the Cp hydrogen atoms of III (Fig. 1a) . The distance between these pseudotriplets decreases with diminishing zirconocene concentration. No significant difference assignable to the presence of different [Me-MAO] ( anions at different Al/Zr ratios could be detected in the 1 H-NMR spectra of the outer-sphere ion pair III.
The Al/Zr ratios in samples of Figs. 1b Á/e were changed by the decrease in the amount of (Cp-nBu) 2 ZrCl 2 at constant concentration of MAO. We have also made experiments at constant concentration of (Cp-n-Bu) 2 ZrCl 2 , while Al/Zr ratio was changed by varying the amount of MAO. In this case, complex III also dominated at high Al/Zr ratios. However, in contrast to the samples in Figs. 1b Á/e, pseudotriplets corresponding to III resolved nicely (Fig. 2) . In the first case (Fig. 1) , toluene-d 8 solution of solid MAO was stored several days at room temperature before preparation of samples; in the second case (Fig. 2) , appropriate amount of solid MAO was added into the solution of (Cp-n -Bu) 2 ZrCl 2 in d 8 -toluene just before recording the NMR spectra. Thus, in order to obtain well-resolved NMR spectra of III, prolonged storing of toluene solutions of solid MAO should be avoided.
The polymerization data show that the catalytic system (Cp-n -Bu) 2 ZrCl 2 /MAO is virtually inactive at Al/Zr ratios lower than 200. Polymerization activity at an Al/Zr ratio of 1000 is higher by a factor of 13 than that at Al/Zr 0/200 (Table 3 ). According to the NMR experiments, the concentration of species III increases at the expense of species IV with the increase of Al/Zr ratio. Despite the concentration of zirconocene under conditions of polymerization experiment is by 1 Á/2 order of magnitude lower, it is natural to expect that the portion of III in polymerization experiment will also increase with the growth of Al/Zr ratio. Thus, we assign the increase in catalytic activity of (Cp-n -Bu) 2 ZrCl 2 / MAO system with the increment of Al/Zr ratio mainly to the increase of concentrations of species of type III.
(Cp-t-Bu) 2 ZrCl 2 /MAO
Like for the case of R 0/n -Bu, the zirconocene species present in these reaction systems at various Al/Zr ratios were monitored mainly by 1 H-NMR spectroscopy (Fig.  3, Table 2 ). At Al/Zr 0/50, the initial complex (Cp-tBu) 2 ZrCl 2 and the monomethylated complex (Cp-tBu) 2 ZrClMe are the major species, while the concentrations of complexes III and IV are low (Fig. 3a) . The ratio of the zirconium complexes of the sample in Fig.  3a did not vary substantially within a day at room temperature.
At Al/Zr 0/200, the 1 H-NMR spectrum of the system (Cp-t-Bu) 2 ZrCl 2 /MAO displays the intense peaks of complex III (R 0/t-Bu) with partially resolved spin Á/ spin splitting J HH 0/2.6 Hz. The remaining signals marked as IV 1 , IV 2 and IV 3 were assigned to complexes of type IV. The H,H-COSY spectra displayed no correlation between the signals of IV 1 and IV 2 . These signals are thus likely to originate from distinct complexes.
Further increase of the Al/Zr ratio up to 600 Á/1000 causes a drop in concentrations of complexes IV such that complex III is now predominantly present (Figs. 3c  and d) . This result differs from that for Cp 2 ZrMe 2 / MAO system where complexes III and IV were present in comparable concentrations even at Al/Zr ratio of 1000 [7] . Probably, the bulky t -Bu substituents disfavor the anion Á/cation contacts in complex IV, and thus formation of species III with outer-sphere counterion becomes preferable. Practically, all starting complex (Cp-t -Bu) 2 ZrCl 2 converts into species III upon interaction with MAO at Al/Zr ratio higher than 500.
As for R 0/n-Bu, the presence of different counteranions in III (R 0/t -Bu) does not give rise to any significant differences in the 1 H-NMR spectra of III (Figs. 3b Á/ ( anions can rapidly exchange between various species III, and thus the cationic part of III displays one sharp NMR pattern.
As for R 0/n-Bu, the polymerization activity of the (Cp-t-Bu) 2 ZrCl 2 /MAO system at Al/Zr ratio of 1000 is much higher than that at Al/Zr 0/200 (Table 3 ). The data in Table 3 would thus indicate that outer-sphere ion pairs of the type III (or their polymeryl homologs) are the immediate precursors for the crucial alkyl zirconocene olefin cations required for polymer growth. Fig. 4 shows 1 H-NMR spectra (range of Cp hydrogen atoms) of the catalytic system (Cp-Me) 2 ZrCl 2 /MAO. It is seen that at Al/Zr 0/50 only very broad peaks are observed. None of them can be attributed to complex III (Fig. 4b) . With the increase of Al/Zr ratio, the relative intensity of the resonance of complex III grows (Fig. 4c) . Two pseudotriplets, which can be expected for Cp protons of complex III, are not resolved and only one broadened peak is observed, whereas the related ion pair [(Cp-Me) 2 Zr(m-Me) 2 AlMe 2 ]
(Cp-Me) 2 ZrCl 2 /MAO
' [B(C 6 F 5 ) 4 ] ( displays two pseudotriplets ( Table 2 ). The origin of the exchange process leading to this effect is still unclear. For all other zirconocenes studied in this work, well-resolved 1 H-NMR spectra of III could be obtained.
The polymerization activity of the (Cp-Me) 2 ZrCl 2 / MAO system at an Al/Zr ratio of 1000 is higher by a factor of 5 than that at an Al/Zr ratio of 200. This increase of activity is noticeably lower than that for R0/ n -Bu and t -Bu but is rather close to the corresponding increase for R0/H (Table 3) .
To summarize the results of this chapter, one can conclude that, for (Cp-R) 2 ZrCl 2 /MAO systems (R 0/ Me, n -Bu, t -Bu), the relative concentration of III grows with increasing Al/Zr ratios. In the case of R 0/t -Bu, only complex III is observed in the reaction solution at an Al/Zr ratio of more than 500. Probably, the bulky tBu substituents disfavor the anion Á/cation contacts in complex IV and thus formation of species III with outersphere counterion becomes preferable. Complexes IV (R 0/Me, n-Bu, t -Bu) with different [Me-MAO]
( counteranions can display distinct 1 H-and 13 C-NMR peaks, whereas NMR spectra of III are not as sensitive to variations in the nature of their [Me-MAO] ( counteranions. Polymerization activity for R 0/t -Bu is noticeably lower than for R 0/n-Bu and Me, probably due to a negative effect of the bulkiness of R. In order to elucidate the effect of the number of methyl substituents on the relative concentration of species III and IV, and on the polymerization activity, spectroscopic and polymerization data for catalytic systems (Cp-R) 2 (Fig. 5a , Table 4 ). None of these can be assigned to the monomethylated complex (Cp-1,2,3-Me 3 ) 2 ZrClMe (Table 1) . A H,H-COSY spectrum shows that the two sharp doublets at 5.60 and 5.01 ppm in Fig. 3a belong to one and the same still unidentified complex. The remaining broad signals can be assigned to complexes IV (R 0/1,2,3-Me 3 ). In contrast to the systems (Cp-R) 2 ZrCl 2 /MAO (R 0/ Me, n -Bu, t-Bu), complex III dominates in the system (Cp-1,2,3-Me 3 ) 2 ZrCl 2 /MAO even at an Al/Zr ratio of 50. At higher Al/Zr ratios (Figs. 5c and d) , complex III is the only one observable in the reaction solution, as was the case also for R 0/t -Bu. Again in distinction to the systems (Cp-R) 2 ZrCl 2 /MAO (R 0/Me, n -Bu, t-Bu), the polymerization activity of the system (Cp-1,2,3-Me 3 ) 2 ZrCl 2 /MAO was constant in the range of Al/Zr ratios 200 Á/1000 (Table 5) .
Complex III (R 0/1,2,3-Me 3 ) appears to be stabilized relative to the contact ion pair IV by the more highly substituted Cp ligands. To elucidate the effect of Me substituents on the relative concentrations of complexes III and IV, 1 H-NMR spectra of the catalytic systems (Cp-R) 2 (Table 5) show that with the growth of Al/Zr ratios from 200 to 1000 the activities of these systems are almost constant.
For the catalytic systems (Cp-R) 2 ZrCl 2 /MAO (R 0/H, Me, 1,2-Me 2 , n -Bu, t -Bu), besides the sharp peaks of III, broad signals of complexes IV are observed in the 1 H-NMR spectra of the reaction solutions at Al/Zr of 200. Thus, one can expect that the activity of these systems would go up with the increase of Al/Zr ratio due to a decrease of the concentration of complexes IV and a corresponding increase of that of the more active complex III. This prediction is valid for R 0/H, Me, nBu, t-Bu (Table 3) . However, the activity of the (Cp-1,2-Me 2 ) 2 ZrCl 2 /MAO system is almost the same at Al/Zr of 200 and 1000 (Table 5) . Probably, in this particular case the activities of species III and IV are comparable. Further studies are needed to verify this assumption. Despite this exception, complex III seems to be the main precursor of the active centers of polymerization for the catalytic systems studied. The data obtained for the systems (Cp-R) 2 ZrCl 2 /MAO correlate with those for the highly active catalytic systems (Cp-R) 2 ZrCl 2 /AlMe 3 / CPh 3 ' B(C 6 F 5 ) 4 ( ( Table 6 ). ( containing the same cations as those in the intermediates III in the MAO-based systems, thus confirming the role of complex III as the precursor of the crucial catalyst species.
In conclusion, three or four Me substituents in a Cp ring stabilize III relative to IV in (Cp-R) 2 ZrCl 2 /MAO systems (III dominates in reaction solution even at Al/Zr of 50Á/100). As a result, the polymerization activity of (Cp-R n ) 2 As an example, the 1 H-NMR spectrum of complex III observed in the system rac-ethanediyl(Ind) 2 ZrCl 2 /MAO at an Al/Zr ratio of 300 is presented in Fig. 7 . A spin Á/ spin coupling constant of 0.7 Hz is resolved for one of the Ind-C 5 protons of III. Complexes III are stable for weeks at 20 8C in the samples studied. The 1 H-NMR parameters of 'cation-like' species III for the systems investigated are collected in Tables 7 and 8 3 ' B(C 6 F 5 ) 4 ( -based systems [15] . It is seen that, despite the nonuniformity of their [Me-MAO] ( counterions, the cationic parts of complexes III can be characterized by 1 H-NMR spectroscopy equally well as for related complexes in reaction systems based on CPh 3 ' B(C 6 F 5 ) 4 ( . Ethylene polymerization data were obtained only for the system rac-Me 2 Si(Ind) 2 ZrCl 2 /MAO ( Table 5) . As can be expected, the polymerization activity of this system was constant at Al/Zr ratios of 200Á/1000, since 
